Introduction {#S1}
============

Community-acquired pneumonia (CAP) is the world's most prevalent and deadly infectious disease, responsible for 3 million deaths worldwide in 2016 ([@B1]). The annual incidence ranges between 2.7 and 10 per 1000 persons; ([@B2]) in the United States the incidence of CAP requiring hospitalization has been estimated at 24.8 cases per 10,000 adults per year, with the highest rates in elderly people ([@B3], [@B4]). CAP is the main cause of sepsis, ([@B5]) a life-threatening syndrome characterized by a dysregulation of the host response during infection, which is associated with high morbidity and mortality ([@B6]).

The innate immune system is essential for the initiation of a robust inflammatory host response after detecting danger signals from pathogens ([@B7]). For many years it was thought that sepsis embodies an uncontrolled pro-inflammatory response driven by the production of pro-inflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β in the first hours after infection ([@B8]--[@B11]). This initial "cytokine storm" was implicated as a main driver of early mortality in infections. More recently, it has become clear that sepsis is also associated with anti-inflammatory responses, characterized amongst others by the production of anti-inflammatory cytokines such as IL-10 and IL-1 receptor antagonist (IL-1RA) and a reduced capacity of blood leukocytes to release proinflammatory cytokines in response to stimulation with lipopolysaccharide (LPS) or other bacterial agonists ([@B7]--[@B9], [@B12], [@B13]). These anti-inflammatory reactions may result in immune suppression and have been associated with secondary infections and late sepsis mortality ([@B7]--[@B9], [@B12], [@B13]).

The immunological aspects of sepsis have been studied predominantly in critically ill patients upon admission to the Intensive Care Unit. Knowledge of the existence and extent of immune suppressive responses in less severe infections is more limited. Such information might provide insight into the severity of the disease required to elicit immune suppressive reactions, as well as into the timing of hyper-inflammatory and immunosuppressive responses, considering the longstanding theory that pro-inflammatory responses may precede anti-inflammatory reactions during the development of sepsis ([@B9], [@B12], [@B13]). Therefore, we aimed to determine whether CAP patients show signs of immune suppression, and if so, whether these are associated with the presence of sepsis and concurrent pro-inflammatory responses. For this, we used the responsiveness of whole blood leukocytes to LPS as a readout for immune suppression and measured a comprehensive set of plasma biomarkers reflecting a variety of systemic pro-inflammatory responses linked to specific pathophysiological mechanisms.

Materials and Methods {#S2}
=====================

Study Population and Sample Collection {#S2.SS1}
--------------------------------------

This study was part of the ELDER-BIOME project ([clinicaltrials.gov](http://clinicaltrials.gov) identifier NCT02928367) approved by the medical ethical committees of the Academic Medical Center and BovenIJ hospital in Amsterdam. Consecutive patients older than 18 years admitted between October 2016 and July 2018 to the Academic Medical Center or BovenIJ hospital were screened by trained research physicians. Patients were included if they were admitted with an acute infection of the respiratory tract, defined as at least one respiratory symptom (new cough or sputum production, chest pain, dyspnea, tachypnea, abnormal lung examination, or respiratory failure) and one systemic symptom (documented fever or hypothermia, leukocytosis or leukopenia) and had an evident new or progressive infiltrate, consolidation, cavitation, or pleural effusion on chest X ray or computed tomography scan.

Patients were excluded if there was a clinical suspicion of aspiration pneumonia or hospital-associated pneumonia, or if patients were previously diagnosed with malignant hematological disease or exposed to chemotherapy, systemic corticosteroids and/or other immunosuppressive drugs, or if patients were exposed to oral and/or intravenous antibiotics within 48 h prior to hospital admission. Written informed consent was obtained from all eligible participants, or their legal representatives. Ethylenediaminetetraacetic acid (EDTA) blood (for plasma biomarker measurements) and heparin anticoagulated blood (for cell stimulations) was obtained within 24 h of hospital admission and 1 month after admission. Age and sex-matched subjects without acute infection served as controls.

Clinical Variables {#S2.SS2}
------------------

Vital parameters and severity scores, such as the (quick) Sequential Organ Failure Assessment (qSOFA) score ([@B6]) and Pneumonia Severity Index (PSI), ([@B14]) were calculated upon hospital admission. Systemic inflammatory response syndrome (SIRS) criteria were scored according to the presence of fever \>38.0°C or hypothermia \<36.0°C; heart rate \>90/min; respiratory rate \>20 breaths/min; leukocytosis \>12 × 10^9^/l or leukocytopenia \<4 × 10^9^/l ([@B15]). Sepsis was defined according to the Sepsis-3 criteria, defined as a SOFA score of 2 points or more ([@B6]). Time to clinical stability in patients was calculated using modified Halm's criteria, ([@B16]) defined as the simultaneous presence of the following clinical parameters for 24 h: temperature ≤ 37.2°C; heart rate ≤100/min; systolic blood pressure \>90 mm Hg; respiratory rate ≤ 24/min; SO^2^ ≥ 90% or PaO~2~ ≥ 60 mmHg without supplemental O~2~ or mechanical ventilation.

Whole Blood Stimulation {#S2.SS3}
-----------------------

Whole blood stimulation was initiated within 2 h after blood sampling in all patients and controls. Heparin-anticoagulated blood was diluted 1:5 in pyrogen free RPMI 1640 (Life Technologies, Bleiswijk, Netherlands), without red blood cell lysis or removal of platelets, and incubated in a cell-repellent surface 48-well plate (Greiner Bio-One, Kremsmünster, Austria) for 24 h at 37°C with 5% CO~2~ and 95% humidity with or without LPS (LPS- *Escherichia coli* 0111:B4 Ultrapure, 100 ng/mL, Invivogen, Toulouse, France), or heat-killed (30 min at 70°C) *Klebsiella pneumoniae* (ATCC43816; equivalent of 12.5 × 10^6^ CFU/mL). After 24 h, samples were centrifuged for 8 min at 1400 revolutions per minute at 4°C and supernatants were stored at −80°C until analysis. Cytokine measurements in supernatants were done in one run, after completion of enrollment, using one batch of assay reagents.

Assays {#S2.SS4}
------

To obtain insight into the potential relation between immune suppression and systemic inflammation during CAP and sepsis, we selected and measured 15 biomarkers indicative of activation and/or dysregulation of key host response pathways involved in the pathological process of CAP and sepsis. Systemic inflammation: TNF-α, IL-1β, IL-6, IL-1RA, IL-10, C-reactive protein (CRP), pentraxin-3, soluble triggering receptor expressed on myeloid cells (sTREM)-1, resistin, tenascin-C, trefoil factor (TFF)3; neutrophil degranulation: myeloperoxidase (MPO), proteinase-3, neutrophil gelatinase-associated lipocalin (NGAL); endothelial and procoagulant responses: soluble E-selectin, soluble vascular cell adhesion molecule (sVCAM)-1, angiopoietin-1, angiopoietin-2, D-dimer and protein C. All biomarkers were measured in EDTA anticoagulated plasma using a Luminex multiplex assay (R&D Systems Inc., Minneapolis, MN, United States) and BioPlex 200 (BioRad, Hercules, CA, United States). Leukocyte counts and differentials were determined at hospital admission using routine diagnostic laboratory methods at the study center (analysis on a Sysmex^®^ XN 9000 analyzer (Sysmex Corporation, Kobe, Japan) by fluorescence flow cytometry in K~2~EDTA anticoagulated blood) ([@B17]).

Statistical Analysis and Stratification of CAP Patients Into Low and High TNF-α Producers {#S2.SS5}
-----------------------------------------------------------------------------------------

Statistical analysis was performed in the R statistical framework (Version 3.51, R Core Team 2014. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria). All results are individually presented as numbers (percentages) for categorical variables, median and interquartile ranges (IQR, Q1-Q3) for non-parametric quantitative variables, and mean ± standard deviation of the mean (SD) for parametric quantitative variables. Given the premise that a reduced capacity of whole blood leukocytes to produce TNF-α is correlated with immune suppression, ([@B7], [@B13], [@B18]), we stratified CAP patients into groups of LPS-induced TNF-α production capacity. We selected the patients with the lowest 25% LPS-induced blood leukocyte TNF-α production and compared their host responses with those patients with the highest 25% LPS-induced whole-blood leukocyte TNF-α production. Data distribution was assessed by the Kolmogorov--Smirnov test. Continuous non-parametric data were analyzed using a Mann-Whitney *U* test or a Kruskal--Wallis test; categorical data were analyzed using a χ2 or Fisher exact test. Continuous parametric data were analyzed using a Student *t*-test or analysis of variance. A *p*-value \< 0.05 was considered statistically significant. Multiple-comparison adjusted (Benjamini-Hochberg) *P*-value less than 0.05 defined significance of plasma biomarker results ([@B19]).

Results {#S3}
=======

Baseline Characteristics and Outcome of Study Population {#S3.SS1}
--------------------------------------------------------

Between October 2016 and July 2018, 79 patients admitted for CAP and 42 age- and sex-matched controls without infection were included in the study ([Table 1](#T1){ref-type="table"}). 55 CAP patients were re-evaluated approximately 1 month (mean 33.6 ± SD 5.5 days) after hospital admission. A flowchart of patient inclusion and follow up is depicted in [Supplementary Figure S1](#SM1){ref-type="supplementary-material"}. Patients admitted with CAP were not different in terms of demographics or chronic comorbidities compared to controls, except for an increased prevalence of chronic obstructive pulmonary disease (COPD) in patients. A causative pathogen was identified in 40 patients (50.4%); a total of 11 patients (13.9%) displayed infection by *Streptococcus pneumoniae* while 7 patients (8.9%) were infected by *Haemophilus influenzae* and 4 by *Staphylococcus aureus* (5,1%). A total of 21 patients (26.6%) were (co)infected with a respiratory virus, of which 10 instances (12,6%) were attributed to Influenza A or Influenza B virus; other prevalent viruses found were rhinovirus (3.8%) and coronavirus (3.8%) ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}). Of CAP patients, 15 (18.9%) had a SOFA score of 2 or higher. The median time to clinical stability was 4.0 days (IQR 2.0 -- 6.0) and median length of hospital stay was 4.5 days (IQR 3.0--8.0). ICU admission occurred in 6 instances (7.6%), 1.0 days (Q1--Q3: 0.0--5.0) following hospital admission; in-hospital and 28-day mortality were 2.5 and 6.5%, respectively.

###### 

Baseline characteristics and outcome of patients hospitalized for CAP and controls.

                                                                   **CAP**            **Controls**   ***P*-value**
  ---------------------------------------------------------------- ------------------ -------------- ---------------
  Patients, *n*                                                    79                 42             
  Demographics                                                                                       
   Age, year, mean (SD)                                            70.5 (13.4)        69.8 (8.41)    0.74
   Ethnicity, Caucasian, *n* (%)                                   60 (74.4)          37 (87.8)      0.20
   Body mass index, mean (SD)                                      26.00 (6.85)       28.07 (5.25)   0.10
   Sex, male, *n* (%)                                              43 (54.4)          22 (52.4)      0.98
  Chronic comorbidity, *n* (%)                                                                       
   COPD                                                            29 (36.7)          4 (9.5)        0.003
   Cardiovascular disease                                          62 (78.5)          26 (61.9)      0.08
   Diabetes                                                        20 (25.4)          4 (9.6)        0.09
   Malignancy\*                                                    22 (27.8)          8 (19.0)       0.40
   Neurological disease                                            7 (8.9)            0 (0.0)        0.11
   Gastrointestinal disease                                        13 (16.5)          2 (4.8)        0.12
   Chronic renal disease                                           6 (7.6)            1 (2.4)        0.45
  Severity of disease on admission                                                                   
   Duration of symptoms prior to admission, days, median \[IQR\]   4.0 \[3.0, 7.0\]                  
   SIRS, median \[IQR\]                                            2.0 \[1.0, 3.0\]                  
   PSI, median \[IQR\]                                             4.0 \[3.0, 4.0\]                  
   qSOFA, median \[IQR\]                                           1.0 \[0.0, 1.0\]                  
   SOFA, median \[IQR\]                                            0.0 \[0.0, 1.0\]                  
   Sepsis, *n* (%)                                                 15 (19.0)                         
  Outcome                                                                                            
   ICU admission, *n* (%)                                          6 (7.6)                           
   Length of hospital stay, days, median \[IQR\]                   4.5 \[3.0, 8.0\]                  
   Time to clinical stability^†^, days, median \[IQR\]             4.0 \[2.0, 6.0\]                  
  Mortality, *n* (%)                                                                                 
   Hospital                                                        2 (2.5)                           
   28 days                                                         5 (6.3)                           

CAP, community-acquired pneumonia; COPD, chronic obstructive pulmonary disease; IQR, interquartile range; SIRS, systemic inflammatory response syndrome; PSI, pneumonia severity index; (q)SOFA, (quick) sequential organ failure assessment; SD, standard deviation of the mean. \*Solid malignancy only, not on active chemotherapy.

†

Calculated according to the modified Halm's criteria for clinical stability (

16

).

Whole Blood Leukocytes of CAP Patients Display Immunosuppressive Responses, Irrespective of the Presence of Sepsis {#S3.SS2}
------------------------------------------------------------------------------------------------------------------

To determine the extent of immune suppression in patients with CAP, we measured the cytokine production capacity of whole blood leukocytes upon stimulation with LPS or *K. pneumoniae* on hospital admission and 1 month thereafter, and compared the results obtained with those from healthy controls ([Figure 1](#F1){ref-type="fig"}). Blood leukocytes obtained from CAP patients at hospital admission displayed a significantly decreased production of TNF-α, IL-1β, IL-6, and IL-10, and enhanced release of IL-1RA following stimulation with LPS or *K. pneumoniae*. Blood leukocytes collected 1 month after CAP admission exhibited similar cytokine production patterns compared to healthy controls, with the exception of IL-6. We subsequently measured 15 plasma markers providing insight in the activation and/or dysregulation of key host response pathways, and observed that CAP patients at hospital admission display elevated levels of host response pathways compared to control subjects and samples collected 1 month following admission ([Supplementary Figure S2](#SM1){ref-type="supplementary-material"}). Of note, CAP patients without sepsis (SOFA score of 1 or lower, *n* = 64) display similar blood leukocyte responsiveness to LPS and *K. pneumoniae* compared to CAP patients with sepsis (SOFA score of 2 or higher, *n* = 15; [Supplementary Figure S3](#SM1){ref-type="supplementary-material"}). In addition, CAP patients without sepsis displayed similar levels of plasma host response biomarkers compared to CAP patients with sepsis, with the exception of modestly higher levels of pentraxin-3, resistin, NGAL and sVCAM-1 in CAP patients with sepsis ([Supplementary Figure S4](#SM1){ref-type="supplementary-material"}). These data show that CAP patients display immunosuppressive responses, irrespective of the presence of sepsis. In addition, 1 month after hospitalization for CAP, whole blood leukocyte responses and plasma protein biomarker levels, at least in part, appear to return to normal homeostasis.

![Blood leukocytes of patients with community-acquired pneumonia show an altered cytokine production profile upon *ex vivo* stimulation. Whole blood leukocytes were obtained from CAP patients at admission (*n* = 79) and 1 month following admission (*n* = 55), and from non-infected age and sex-matched controls (*n* = 42), and stimulated for 24 h with lipopolysaccharide (LPS; 100 ng/mL) or heat-killed *Klebsiella pneumoniae* (equivalent of 12.5 × 10^6^ CFU/mL). Cytokines were measured in supernatants. Individual data points are displayed with the horizontal line depicting the median. Dotted lines indicate the median concentrations in medium control samples (i.e., blood leukocytes incubated without stimulus), which were all significantly altered compared to LPS and *K. pneumoniae* stimulation. Asterisks indicate differences between groups as indicated (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001). IL, interleukin; TNF, tumor necrosis factor; RA, receptor antagonist.](fimmu-11-00796-g001){#F1}

Stratification of CAP Patients Into Low and High TNF-α Producers {#S3.SS3}
----------------------------------------------------------------

To determine if differences in the LPS and *K. pneumoniae* responsiveness of blood leukocytes were associated with altered patterns of systemic inflammation and outcome, we stratified CAP patients into groups of LPS-induced TNF-α production capacity and compared patients with the lowest 25% TNF-α production capacity (low TNF-α producers; most immune suppressed) with those with the highest 25% TNF-α production capacity (high TNF-α producers; least immune suppressed). Low and high TNF-α producers were similar in terms of demographics and prevalence of chronic comorbidities ([Table 2](#T2){ref-type="table"}). Low TNF-a producers, however, had a higher PSI score and a trend toward a poorer outcome when compared to high TNF-α producers ([Table 2](#T2){ref-type="table"}). Low (relative to high) TNF-α producers also displayed decreased production of IL-1β and IL-6 following stimulation with LPS or *K. pneumoniae*, which suggests that low TNF-α producers were immune suppressed ([Figure 2](#F2){ref-type="fig"}). White blood cell counts and differentials did not differ between low and high TNF-α producers ([Table 3](#T3){ref-type="table"}). Likewise, the plasma concentrations of IL-6, IL-8, IL-10, and IL-1RA were not different between groups ([Table 3](#T3){ref-type="table"}).

###### 

Baseline characteristics and outcome in CAP patients with high and low TNF-α production capacity of blood leukocytes.

                                                                   **Low TNF-α producers**   **High TNF-α producers**   ***P*-value**
  ---------------------------------------------------------------- ------------------------- -------------------------- ---------------
  Patients, *n*                                                    20                        20                         
  Demographics                                                                                                          
   Age, year, mean (SD)                                            73.6 (10.9)               67.8 (15.6)                0.19
   Sex, male, *n* (%)                                              9 (45.0)                  9 (45.0)                   \>0.99
   Ethnicity, Caucasian, *n* (%)                                   15 (75.0)                 17 (85.0)                  0.541
   Body Mass Index, mean (SD)                                      25.61 (5.75)              27.33 (7.85)               0.47
  Chronic comorbidity, *n* (%)                                                                                          
   COPD                                                            10 (50.0)                 4 (20.0)                   0.07
   Cardiovascular disease                                          13 (65.0)                 16 (80.0)                  0.65
   Diabetes                                                        5 (25.0)                  4 (20.0)                   0.71
   Malignancy\* (%)                                                5 (25.0)                  5 (25.0)                   \>0.99
   Neurological disease (%)                                        2 (10.0)                  1 (5.0)                    0.96
   Gastrointestinal disease (%)                                    4 (20.0)                  2 (10.0)                   0.61
   Chronic renal disease                                           2 (10.0)                  2 (10.0)                   \>0.99
  Severity of disease on admission                                                                                      
   Duration of symptoms prior to admission, days, median \[IQR\]   4.0 \[3.0, 6.0\]          2.0 \[1.0, 5.0\]           0.08
   SIRS, median \[IQR\]                                            2.0 \[2.0, 3.0\]          2.5 \[1.0, 3.0\]           0.92
   PSI, median \[IQR\]                                             4.0 \[4.0, 5.0\]          3.0 \[2.0, 4.0\]           0.02
   qSOFA, median \[IQR\]                                           0.0 \[0.0, 1.0\]          0.0 \[0.0, 1.0\]           0.49
   SOFA, median \[IQR\]                                            0.0 \[0.0, 1.0\]          0.0 \[0.0, 1.0\]           0.79
   Sepsis, *n* (%)                                                 5 (25.0)                  4 (21.1)                   1.00
  Outcome                                                                                                               
   ICU admission, *n* (%)                                          4 (20.0)                  1 (5.0)                    0.31
   Length of hospital stay, days, median \[IQR\]                   5.0 \[3.0, 11.0\]         4.0 \[2.0, 7.0\]           0.48
   Time to clinical stability^†^, days, median \[IQR\]             4.0 \[2.0, 8.0\]          4.0 \[2.0, 6.0\]           0.35
  Mortality, *n* (%)                                                                                                    
   Hospital                                                        1 (5.0)                   0 (0.0)                    0.79
   28 days                                                         2 (10.0)                  0 (0.0)                    0.47

COPD, chronic obstructive pulmonary disease; ICU, intensive care unit; IQR, interquartile range; SIRS, systemic inflammatory response syndrome; PSI, pneumonia severity index; (q)SOFA, (quick) sequential organ failure assessment; SD, standard deviation of the mean.

∗

Solid malignancy only, not on active chemotherapy.

†

Calculated according to the modified Halm's criteria for clinical stability (

16

).

![Cytokine production of blood leukocytes from patients with community-acquired pneumonia stratified according to TNF-α production capacity. Patients were stratified into those with the lowest 25% blood leukocyte TNF-α production (low TNF-α producers, *n* = 20) and those with the highest 25% blood leukocyte TNF-α production (high TNF-α producers, *n* = 20) following LPS stimulation. Cytokines were measured in supernatants of whole blood leukocytes stimulated for 24 h with lipopolysaccharide (LPS; 100 ng/mL) or heat-killed *Klebsiella pneumoniae* (equivalent of 12.5 × 10^6^ CFU/mL). Individual data points are displayed with the horizontal line depicting the median. Dotted lines indicate median concentrations in medium control samples (i.e., blood leukocytes incubated without stimulus), which were all significantly altered compared to LPS and *K. pneumoniae* stimulation. Asterisks indicate differences between patients with the lowest and the highest TNF-production following LPS stimulation (\*\**P* \< 0.01, \*\*\**P* \< 0.001). IL, interleukin; TNF, tumor necrosis factor; RA, receptor antagonist.](fimmu-11-00796-g002){#F2}

###### 

Plasma cytokine levels, white blood cell counts and differentials in CAP patients with high and low TNF-α production capacity of blood leukocytes.

                               **Low TNF-α producers**     **High TNF-α producers**      ***P*-value**
  ---------------------------- --------------------------- ----------------------------- ---------------
  White blood cells (×10^9^)   13.10 \[9.85 -- 18.30\]     12.60 \[7.6 -- 16.8\]         0.54
  Neutrophils (×10^9^)         10.71 \[7.38 -- 14.09\]     8.34 \[4.71 --16.15\]         0.76
  Monocytes (×10^9^)           0.70 \[0.59 -- 1.12\]       1.14 \[0.50 -- 1.50\]         0.17
  Lymphocytes (×10^9^)         0.88 \[0.63 --1.14\]        1.30 \[0.80 -- 1.80\]         0.12
  Platelets (×10^9^)           249 \[170.5 -- 301\]        194 \[162 -- 240\]            0.25
  IL-6, pg/mL                  85.32 \[14.05 -- 289.71\]   34.27 \[26.43 --81.81\]       0.14
  IL-8, pg/mL                  9.51 \[5.80 -- 18.21\]      8.22 \[5.54 -- 11.32\]        0.52
  IL-10, pg/mL                 8.64 \[3.15 -- 11.95\]      4.11 \[2.73 -- 5.08\]         0.18
  IL-1RA, pg/mL                2052 \[1355 -- 10,902\]     3763.9 \[1761.8 -- 3696.5\]   0.73

All values are presented as a median with the interquartile range in brackets. Definition of abbreviations: IL, interleukin; RA, receptor antagonist.

Low TNF-α Producers Show Enhanced Systemic Inflammation and Endothelial-Procoagulant Responses {#S3.SS4}
----------------------------------------------------------------------------------------------

To obtain insight into the potential relation between immune suppression and systemic inflammation, we compared the plasma levels of 15 biomarkers indicative of activation and/or dysregulation of key host response pathways between low and high TNF-α producers ([Figure 3](#F3){ref-type="fig"}). When compared with control subjects, both low and high TNF-α producers exhibited significantly elevated levels of all host response biomarkers on admission to the hospital. Of the biomarkers indicative of systemic inflammation and/or injury, low TNF-α producers had higher plasma levels of pentraxin-3, sTREM-1, resistin, tenascin-C, and TFF3, while CRP tended to be higher in this group, when compared with high TNF-α producers. With regard to plasma biomarkers indicative of neutrophil activation and degranulation, low TNF-α producers showed higher levels of proteinase-3 and NGAL, while MPO concentrations did not differ between groups. With regard to plasma biomarkers indicative of the endothelial and procoagulant responses, low TNF-α producers had higher levels of sE-selectin and D-dimer (reflecting enhanced activation of the endothelium and coagulation system, respectively), and higher levels of angiopoietin-2 (indicative of a more disturbed endothelial barrier function); sVCAM-1, angiopoietin-1 and the anticoagulant protein C did not differ between groups.

![Host response plasma biomarker levels in patients with community-acquired pneumonia with the lowest and highest blood leukocyte TNF-α production following LPS stimulation. Patients were stratified into those with the lowest 25% blood leukocyte TNF-α production (low TNF-α producers, *n* = 20) and those with the highest 25% blood leukocyte TNF-α production (high TNF-α producers, *n* = 20) following LPS stimulation. Plasma biomarkers were measured upon hospital admission. Individual data points are displayed with the horizontal line depicting the median. Dotted lines indicate median values obtained in 42 healthy age- and sex-matched subjects. Values in patients were all significantly different from those in healthy control subjects. Asterisks indicate differences between patients with the lowest 25% and the highest 25% TNF-production following LPS stimulation (Benjamini-Hochberg corrected, \**P* \< 0.05, \*\**P* \< 0.01). CRP, C-reactive protein; MPO, myeloperoxidase; NGAL, neutrophil gelatinase-associated lipocalin; sE-Selectin, soluble E-selectin; sTREM-1, soluble triggering receptor expressed on myeloid cells 1; sVCAM-1, soluble vascular cell adhesion protein 1; TFF3, trefoil factor 3.](fimmu-11-00796-g003){#F3}

Discussion {#S4}
==========

A reduced capacity of blood leukocytes to produce proinflammatory cytokines upon *ex vivo* stimulation with bacterial agonists like LPS is considered a main feature of immune suppression in patients with sepsis or non-infectious critical illness ([@B7]--[@B9], [@B12], [@B13], [@B18]). We here demonstrate that blood leukocytes of hospitalized CAP patients display an impaired release of TNF-α, IL-1β, IL-6, and IL-10 as well as an heightened production of IL-1RA in response to stimulation with LPS and *K. pneumoniae*, regardless of the presence of sepsis. Previous studies reported a similarly modified cytokine profile in LPS-stimulated whole blood in patients with sepsis and septic shock ([@B20]--[@B22]). These findings indicate that CAP patients display signs of immune suppression at the time of hospital admission. Patients with the most impaired capacity of their blood leukocytes to produce TNF-α concurrently showed heightened inflammatory, endothelial and procoagulant responses. It is well known that CAP patients present with varying degrees of disease severity, ranging from an almost asymptomatic infection to fulminant sepsis with respiratory failure and multiple organ dysfunction ([@B3]). It can be speculated that in the absence of adequate (antimicrobial) therapy most CAP cases will evolve into sepsis and that the patients enrolled in our study sought medical attention relatively early. Taken together these data suggest that immune suppression in CAP, as measured by *ex vivo* cytokine production capacity of blood leukocytes, precedes the possible development of sepsis, and that this anti-inflammatory phenotype is accompanied by a variety of systemic proinflammatory responses. Considering that the vast majority of CAP patients did not have sepsis and arguably were studied in a disease phase prior to sepsis development, these results support the by now generally accepted concept of concurrent activation of proinflammatory and anti-inflammatory responses and contradict the old theory of two subsequent phases in the host response in established sepsis with hyperinflammation preceding "compensatory" anti-inflammatory reactions resulting in immune suppression.

Notably, our study entailed a relatively limited number of patients, most of whom did not have sepsis, and the mortality rate was low. The fact that we studied patients with a relatively low disease severity can be considered a strength since virtually all previous investigations that examined immune suppression in infection reported on critically ill patients with sepsis and high mortality rates. In addition, the current selection of patients allowed us to compare differences between patients with and without sepsis, defined according to the most recent sepsis definition. This analysis showed that immune suppression, as reflected by a reduced capacity of blood leukocytes to produce TNF-α, could be detected in sepsis and non-sepsis patients to a similar extent.

One previous investigation studied the capacity of blood leukocytes of ten patients with CAP to release TNF-α in response to LPS stimulation reporting no significant difference when compared with healthy controls ([@B23]). This earlier study ([@B23]) was limited in sample size (10 patients and 10 controls) and only showed a trend toward reduced TNF-α production by blood leukocytes. In our cohort, blood leukocytes of CAP patients not only showed a reduced capacity to produce prototypic proinflammatory cytokines like TNF-α and IL-1β, but also diminished release of the anti-inflammatory cytokine IL-10. Reduced IL-10 production by blood leukocytes upon re-stimulation has likewise been documented in patients with sepsis ([@B17]--[@B19]) and healthy humans intravenously injected with LPS, ([@B24], [@B25]) a model frequently used to study mechanisms underlying specific immune responses in sepsis ([@B26], [@B27]). In contrast, severe trauma is associated with enhanced IL-10 release of LPS-stimulated blood leukocytes ([@B28], [@B29]). While differential regulation of IL-10 production is beyond the scope of the present manuscript, it is clear that the alterations in the profile of cytokines released by blood leukocytes of CAP patients resemble that of sepsis patients. This holds true for enhanced IL-1RA release as well, which has been reported in patients with sepsis, ([@B20]) and healthy subjects administered with LPS ([@B24], [@B25]).

Epigenetic regulation of gene function, in particular related to histone modifications, has been identified as an important mechanism underlying the altered responsiveness of myeloid cells in patients with sepsis ([@B7]). We here show that the capacity of blood leukocytes to produce IL-6 is not yet restored 1 month after admission for CAP. Further studies are warranted to evaluate whether this relates to differences in and/or the duration of epigenetic modifications of IL-6 gene transcription compared to epigenetic modifications of genes encoding TNF-α, IL-1β, IL-10, and IL-1RA, cytokines of which the production by blood leukocytes had returned to control values 1 month after admission for CAP.

In order to determine whether immune suppression associates with concurrent hyperinflammation in CAP, we stratified patients into those with the lowest or highest LPS-induced blood leukocyte production of TNF-α. We confirmed the notion that low TNF-α producers indeed displayed a more profound immunosuppressive phenotype, considering that they also exhibited reductions in IL-1β and IL-6 release, as well as elevated IL-1RA release following LPS or *K. pneumoniae* stimulation, compared to high TNF-α producers. While our study is limited by the fact that we did not measure HLA-DR expression on circulating monocytes, in patients with sepsis a reduced capacity of whole blood leukocytes to produce TNF-α correlated with reduced HLA-DR expression on monocytes, ([@B7], [@B13], [@B18]) further supporting the concept that this can be used as a readout for immune suppression. We subsequently studied differences in the host response between low and high TNF-α producers amongst CAP patients by using a targeted approach through measuring 15 plasma biomarkers providing insight in key host response pathways implicated in the pathogenesis of severe infections. Low TNF-α producers displayed higher levels of biomarkers associated with inflammation, i.e., pentraxin-3, ([@B30]) sTREM-1, ([@B31]) tenascin-C, ([@B32]) and TFF3, ([@B33]). Likewise, low TNF-α producers had higher plasma concentrations of resistin, a mediator linked with exacerbation of inflammation, ([@B34], [@B35]) although more recent evidence has indicated an anti-inflammatory role for resistin in experimental sepsis ([@B36]). Another indication that the extent of immune suppression associates with the extent of hyperinflammation in CAP comes from the finding that low TNF-α producers had higher plasma levels of constituents of secondary granules (NGAL) and azurophilic granules (proteinase-3), products of neutrophils known to be highly expressed in response to inflammation ([@B37], [@B38]). Finally, we studied differences between low and high TNF-α producers in endothelial and procoagulant responses, considering their eminent role in sepsis pathogenesis ([@B7], [@B39], [@B40]). Low TNF-α producers showed signs of stronger endothelial cell and coagulation activation, as reflected by increased sE-selectin and D-dimer levels. In addition, low TNF-α producers had higher angiopoietin-2, but not angiopoietin-1, levels, when compared with high TNF-α producers, which is suggestive of a more disturbed endothelial barrier function in the former, more immune suppressed, group ([@B41]).

Previous investigations studied the persistence of immune suppression associated with sepsis after hospital discharge. In 15 septic shock survivors HLA-DR expression on blood monocytes had normalized 6 months after discharge ([@B42]). Another study used the plasma concentrations of soluble programmed death ligand 1 (sPD-L1) as a readout for immune suppression and found sustained elevated levels in a subgroup of sepsis survivors up to 1 year after discharge ([@B20]). It should be noted, however, that while the PD1-PD-L1 axis has been implicated in sepsis-associated immune suppression, ([@B7], [@B13]) and patients with septic shock displayed increased PD-1 and PD-L1 expression on circulating monocytes and CD4 + T lymphocytes, ([@B43]) the plasma levels of sPD-L1 are not necessarily functionally linked to immune suppression. Our study clearly demonstrates that in CAP patients the cytokine production capacity of blood leukocytes is restored to normal 1 month after hospital discharge.

Our study is limited by the fact that we studied the responsiveness of unseparated whole blood leukocytes. Hence, our data do not provide information about the functionality of specific leukocyte subsets, such as T and B cells. To obtain this information cell sorting would be required, which, while of interest, can introduce artifacts due to the strenuous purification procedure.

A strength of this study is the stringent selection of age- and sex-matched control subjects, which was further exemplified by the similarities in comorbidities with CAP patients, with the exception of a lower proportion of COPD in the control group. While chronic inflammation is a hallmark feature of COPD, potentially contributing to immune dysfunction, ([@B44]) a previous study has documented enhanced responsiveness of blood leukocytes to LPS ([@B45]). In addition, cytokine production reverted to levels comparable to non-infected controls 1 month following admission. Moreover, the main conclusion of our study is derived from patient data only, i.e., comparison between low and high TNF-α producers. Together, these data suggest that the higher prevalence of COPD in patients did not bias our main findings. Despite the strong differences in host response between low and high TNF-α producers, no differences in clinical outcome were found. Low TNF-α producers had a higher PSI indicating that patients who are most immune suppressed have more severe pneumonia; however, this was not reflected by longer hospital stays or significantly higher mortality rates. Notably, this study was not designed to detect such differences, for which a larger sample size would be needed.

This observational study does not provide proof of causal links between immune suppression and hyperinflammation. Nonetheless, our study demonstrates that the host response in CAP patients, irrespective of the presence of sepsis, displays features of both immune suppression (measured as the cytokine production capacity of blood leukocytes) and hyperinflammation (measured by plasma biomarkers reflecting activation of distinct inflammatory and vascular pathways). Considering that most patients did not have sepsis, these results lend support for the theory of simultaneous induction of proinflammatory and anti-inflammatory responses during the host response to sepsis.
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